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a b s t r a c t
The compound microsatellites consist of two or more individual microsatellites, originate from mutation
or imperfection in simple repeat sequences. The reports on systematic analysis of the occurrence, size
and density of compound microsatellite (cSSR) types are very rare. Our study indicates that cSSRs are
clustered at speciﬁc regions in the begomovirus genomes. cSSRs were overrepresented in majority of
begomovirus genomes indicating that they might have some functional signiﬁcance. Further, non-
random distribution pattern of cSSR in begomovirus genomes was signiﬁcantly correlated with the
recombination breakpoint positions in the genome. The analysis of cSSR regions in the viral genome
indicates the presence of stem loop (hairpin) secondary structure. The signiﬁcance of these ﬁndings in
biology of geminiviruses is discussed based on our present understanding of recombination and
repetitive DNA. To our knowledge, this is the ﬁrst analysis suggesting the possible association between
recombination and microsatellites in any viral genome.
& 2015 Elsevier Inc. All rights reserved.
Introduction
Geminiviridae, the second largest family of plant viruses, is
characterized by twinned icosahedral particles with monopartite or
bipartite single stranded DNA (ssDNA) genome replicating via dsDNA
intermediate in the host nucleus (Hanley-Bowdoin et al., 2013).
Depending on the insect vector and genomic characteristics, gemi-
niviruses are grouped into seven genera: Becurtovirus, Begomovirus,
Curtovirus, Eragrovirus, Mastrevirus, Topocuvirus and Turncurtovirus
(Adams et al., 2013). Their genomes are characterized by divergent
transcriptional units and a 50 intergenic region containing origin of
rolling circle replication (RCR). For bipartite viruses, the two genomic
components share a common region containing the origin of
replication and regulatory regions for bidirectional transcription.
The functions of geminivirus coded genes have been exhaustively
studied (Hanley-Bowdoin et al., 2013; Gilbertson et al., 2003;
Lazarowitz and Beachy, 1999; Patil and Fauquet, 2009).
Begomoviruses (transmitted by whiteﬂies, Bemisia tabaci Genn.)
constitute the largest genus as evident from the number of species
available in genome databases and are considered as one of the
major constraints of crop production. Based on genome organization,
they are further classiﬁed as either monopartite (DNA A – like
component) or bipartite (DNA A and DNA B components) encoding
5–7 proteins necessary for viral replication, movement and patho-
genesis (Fauquet and Stanley, 2003; Fauquet et al., 2008). In addition,
monopartite begomoviruses infecting both crops as well as weeds
are often associated with satellite and satellite-like molecules named
as betasatellites and alphasatellites, respectively (Briddon et al.,
2003; Saunders et al., 2008; Chattopadhyay et al., 2008; Kumar
et al., 2012; Singh et al., 2012). Recently, association of satellite
molecules has also been reported with bipartite begomoviruses
(Romay et al., 2010; Sivalingam and Varma, 2012).
In the evolution of ssDNA viruses, the rate of recombination and
nucleotide substitution are closer to that in RNA viruses (Drake
1993; Martin et al., 2011). Besides rolling circle replication (RCR),
geminiviruses also employ recombination dependent replication
(RDR) strategy for their multiplication (Jeske et al., 2001; Preiss and
Jeske, 2003). It is known that recombination plays a vital role in the
evolution of begomoviruses (Duffy and Holmes, 2008, 2009; Zhou
et al., 1997; Monci et al., 2002; García-Andrés et al., 2006). Several
studies have also indicated that high frequency of recombination
prevails within recombination hotspots in begomoviruses
(Ndunguru et al., 2005; Fauquet et al., 2005; García-Andrés et al.,
2007).
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The simple sequence repeats (SSRs, also called as microsatel-
lites and minisatellites) are tandem repetitions of relatively short
motifs of DNA. The microsatellites may be considered as either
simple or compound depending on the constituent sequences.
Simple microsatellites are ubiquitously present in both prokaryotic
(Mrazek et al., 2007) and eukaryotic (Toth et al., 2000) genomes,
but are relatively rare in viruses; especially in those with small
genomes such as human immunodeﬁciency virus Type 1, potyviruses
and geminiviruses (Chen et al., 2009; Zhao et al., 2011; George et al.,
2012). The compound microsatellites (cSSR) are composed of two or
more microsatellites located adjacent to each other. Some of these
cSSRs are functionally important in regulating gene expression in yeast
(Struhl, 1985) and higher metazoans including human (Curi et al.,
2005; Borrmann et al., 2003). Importance of SSRs in meiotic recombi-
nation (Schultes and Szostak, 1991; Gendrel et al., 2000; Kirkpatrick
et al., 1999; Treco and Arnheim, 1986), evolution of species (Bowcock
et al., 1994), genome mapping (Hong et al., 2010), differentiation of
viral strains (Deback et al., 2009), studying population genetics and
linkage association (Rosenberg et al., 2002; Abdurakhmonov et al.,
2005) have been documented. Several examples of simple sequence
repeats have been found in menovirus (Duke et al., 1990; Hahn and
Palemberg, 1995), vesicular stomatitis virus (Barr et al., 1997), hepatitis
C virus (Yamada et al., 1996) and human respiratory syncytial virus
(Garcia-Barreno et al., 1994). Changes in length of tri- and hexanucleo-
tide repeats at the hemagglutinin cleavage site in avian inﬂuenza virus
have been associated with increased virulence (Perdue et al., 1997).
However, the signiﬁcance of cSSR is not available for any viruses.
Jeffreys et al. (1998) reported the minisatellite-associated recom-
bination hotspot in humans. Recently, the association of SSRs with
hotspots of meiotic recombination in yeast has been reported
(Bagshaw et al., 2008). It is known that certain DNA sequence such
as dinucleotide repeats [d(CG)n and d(TG)n] can form left-handed
Z-DNA with hotspot activity (Stringer, 1985) as recombination
enzymes have preference for those sequences (Blaho and Wells,
1987; Kmiec and Holloman, 1984, 1986). Available literature sug-
gests that repeat sequences might have a role in regulating
recombination in both prokaryotes and eukaryotes (Schultes and
Szostak, 1991; Gendrel et al., 2000; Kirkpatrick et al., 1999; Treco
and Arnheim, 1986; Murphy and Stringer, 1986). In order to under-
stand the control of location of recombination in geminiviruses, it
would be relevant to study the association of microsatellite repeats
with the recombination hotspots. Speciﬁcally, the abundance, dis-
tribution and variation of cSSRs would give an insight into the
mutational changes and evolution of repeat sequences.
Results
Divergence in number, relative density and relative abundance of
compound microsatellites in geminivirus genomes
Scanning of geminivirus genomes revealed the presence of 0–4
cSSRs in each (Table S3). Analysis of relative density and relative
abundance indicated that 50 out of 181 begomovirus DNA-A/DNA-A
like did not possess imperfect microsatellite (cSSR, Fig. 1 and Table S3).
On an average, one cSSR was present in each genome, suggesting a
lower abundance of cSSRs in geminiviral genomes. Analysis of null
distribution of cSSR motifs in begomovirus genomes indicated that
their occurrence was signiﬁcantly higher than expected by chance
(Table S3). Maximum percentage of cSSR (27.27%) was observed in
Tomato yellowmargin leaf curl virus followed by Dicliptera yellowmottle
Cuba virus, Euphorbia leaf curl Guangxi virus (EuLGxCV) and Tomato
yellow leaf curl Sardinia virus, in which, 25% of SSRs could be classiﬁed
as cSSRs. The maximum relative density of cSSRs (30.2 bp/kb) was
observed in EuLGxCV genome. The relative abundance of cSSR varied
among all selected genomes from 0.00/kb (in 50 DNA A/DNA-A like
which lack cSSR) to 1.46/kb in EuLGxCV (Table S3). The presence of
cSSR could be ascertained in all curtovirus species analyzed except in
Pepper yellow dwarf virus genome, whereas in mastrevirus, 5 out of 11
genomes were devoid of cSSR. The relative density and abundance of
cSSR in curtovirus were 8.3 and 0.54 and for mastrevirus it was
5.2 and 0.24, respectively. The relative density and abundance of cSSR
in the only available topocuvirus species were 11.5 and 0.69, respec-
tively (Table S3). The range of relative abundance and density of cSSR
vis-a-vis various species are shown in Fig. 1.
Effect of dMAX on the occurrence of compound microsatellites
To determine the impact of dMAX, we selected ﬁve distinct
species of geminiviruses with or without cSSRs. The percentage of
individual SSR being part of a cSSR (cSSRs %) was introduced as a
measure to check cSSR variability with increase in dMAX (Fig. 2). It
is noteworthy that the dMAX value can only be set between 0 and
50 for IMEx. A linear increase of cSSR frequency with dMAX can be
expected if SSRs are randomly distributed. Interestingly, we did not
observe a linear increase, suggesting a non-random distribution of
Fig. 1. Relative density (A) and relative abundance density (B) of imperfect microsatellites in geminivirus genomes. Relative density is deﬁned as the total length (bp)
contributed by each microsatellite per kb of sequence analyzed whereas relative abundance depicts the number of microsatellites present per kb of the genome.
Fig. 2. Effect on cSSR% (percentage of individual microsatellites being part of a
compound microsatellite) on varying the dMAX in six different species of
begomovirus.
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cSSR in the studied genomes. This could be explained by the fact
that all microsatellites being separated by less than the selected
dMAX would be accounted as compound microsatellites in the
whole genome. In general, genomes lacking cSSR at dMAX 10 also
lacked cSSR at higher dMAX tested. These results were similar to
that obtained in HIV, potyvirus and Escherichia coli genomes (Chen
et al., 2011, 2012; Mashhood et al., 2013, Koﬂer et al., 2008).
Conserved pattern of distribution of cSSR in geminiviral genomes
Out of 131 begomovirus DNA-A/DNA-A like tested, 83% of them
possess cSSR either in AC1 or CR regions, whereas, 17% species
possess at least one cSSR in the coding region other than AC1 or CR
(Fig. 3). In six mastreviruses, except one, all other species contained
cSSR in the small intergenic region (Table S3, Fig. 3). In topocuvirus,
cSSR was found only in coding regions, whereas in curtoviruses,
cSSRs were located in both coding as well as in non-coding regions
(Table S3, Fig. 3). Since the above analysis was carried out using one
representative from each species, we analyzed distribution patterns
of cSSRs in strains or isolates within a particular begomovirus
species where more than 5 strains were available in GenBank
(Table 1). A total of 456 strains belonging to 38 distinct species of
begomovirus DNA-A/DNA-A like were analyzed to identify species
speciﬁc consensus microsatellite motifs. Among them, except 8 spe-
cies, others had a conserved consensus species speciﬁc motif
(Table 1). In 19 species, these consensus motifs were located in
the AC1 ORF. Seventy one strains/isolates of 9 distinct begomo-
viruses shared similar consensus motif (CA)3-x6-(TG)3. Interest-
ingly, East African cassava mosaic Kenya virus, East African cassava
mosaic Cameroon virus, East African cassava mosaic virus and East
African cassava mosaic Zanzibar virus not only shared a conserved
consensus motif (TG)n-x6-(AT)y n¼3–4, y¼5–6, but also their
location was conserved in AV1 gene. It should be noted that the
conserved motif and conserved location of cSSR could be due to the
common ancestry of these distinct cassava mosaic geminiviruses.
Polymorphism, complexity and presence of consensus motifs in
compound microsatellites
All the extracted motifs were analyzed for the presence of
frequently occurring motifs in geminiviral cSSR. Majority of the cSSRs
in geminiviruses were composed of very distinct motifs. Among 200
species tested, a self-complimentary motif (CA)3-x6-(TG)3 was the
most abundant and present in 28 of begomovirus DNA-A/DNA-A
like component (Fig. 4). Motif duplication was observed in cSSRs
of 10 begomoviruses (DNA-A/DNA-A like) and in 1 curtovirus
genome (Table S3). The most common motifs exhibiting dupli-
cation were those consisting of two cSSRs (AT, AG).
Among the analyzed sequences, cSSR with two individual micro-
satellites (di-SSR) were predominant, while cSSR with three indivi-
dual microsatellites were rare (Table S3). Notably, cSSR with more
than three individual microsatellites were absent. In consistence with
prokaryotes, eukaryotes and other viral genomes (Chen et al., 2011,
2012; Koﬂer et al., 2008), we observed decrease in the number of
cSSR with increasing complexity. Secondary structure analysis of
region encompassing microsatellite indicated that cSSR motif in the
genomes has the potential to form a stem-loop/hairpin structure (Fig.
S1). The polymorphic microsatellites, species consensus motifs and
their location within geminiviral genome are provided in Table 1.
Analysis of cSSR motifs in East African cassava mosaic virus indicated
that substitution and insertions and deletion events (Indel) resulted
in change of motif's length which might lead to change in structure
of hairpin loop. Such Indel event in one strain of East African cassava
mosaic virus resulted in frame shift in AV1 gene (Fig. S1).
Relationship between cSSR motifs and recombination events
To study the relationship, if any, between the presence of
microsatellite motif and the recombination breakpoint, we analyzed
the recombination pattern in 181 begomovirus sequences. The
results indicated that the majority (57.46%) of begomovirus species
possessing cSSR motif were also recombinants while 14.36% lacked
both motif as well as recombination (dataset 1 in Fig. 5, Table S4). In
17.68% of begomovirus species, motifs were present but no recom-
bination was detected while in 10.16% species, cSSR motif was
absent, but the recombination was detected (dataset 1 in Fig. 5,
Table S4). In order to ﬁnd out the correlation between occurrence of
cSSR and the type of viral genome, we further categorized them as
monopartite (131/181 genomes) and bipartite (50/181 genomes)
viruses. It was evident that 64.1% of monopartite and 32% of
bipartite begomoviruses were recombinant in nature and possessed
cSSR motif(s) (dataset 1 in Fig. 5 and Table S4). Our results suggest
that there could be a possible link between presence of cSSR motif
and recombination among 181 selected species of begomoviruses.
Further, putative parental sequences of the 181 species
of begomoviruses were identiﬁed by RDP analysis. In order to
validate that whether such a correlation is also present in a separate
dataset consisting of the ‘putative parental sequences’, we analyzed
the presence of cSSR motif and recombination among these
‘putative parental sequences’ (dataset 2 in Fig. 5, Table S4). Results
Fig. 3. Differential distribution of cSSRs in coding and non-coding regions of geminivirus genomes.
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indicated that 61.24% of parental sequence had both cSSR motif and
recombination, whereas 7.75% of these sequences neither possessed
cSSR nor recombination. However, 31% of the sequences possessed
either cSSR motif or recombination event (Fig. 5). Based on the
results obtained at species level, a possible link between cSSR motif
and recombination events has been postulated. It is relevant to
mention here that the above datasets (1 and 2) represent the
association of cSSR and recombination at species level; however,
the existence of this correlation between strains of a begomovirus
species is yet to be ascertained. Therefore, we considered another
dataset (dataset 3 in Table S4) comprising the 132 strains from
7 distinct begomovirus species (both monopartite and bipartite). It
is worth noting that all the strains of Ageratum enation virus, East
Africa cassava mosaic Kenya virus, Tomato yellow leaf curl virus
(TYLCV) and Sida micrantha mosaic virus possessed species speciﬁc
cSSR motif and were recombinant in nature. Similarly, the strains of
both Mungbean yellow mosaic virus and Pepper golden mosaic virus
did not possess either cSSR motif or detectable recombination
event. Out of 20 strains of Mungbean yellow mosaic India virus
(MYMIV) analyzed, 11 strains possessed neither cSSR motif nor
recombination event. We also observed exception in a few strains of
MYMIV where recombination event could be detected in the
absence of cSSR motif. Taken together, results from all the 3 datasets
indicate a possible linkage between cSSR motifs and recombination
in begomoviruses at both species and strain level.
In addition, we have tested the statistical correlation between the
occurrence of cSSR and recombination breakpoints in 181
Table 1
Occurrence of species speciﬁc consensus motif in distinct species of begomoviruses.
Begomoviruses (a/b)* Consensus motif Location c**
African cassava mosaic virus (11/2) (CA)3-x6-(TG)3 AC1 9
Ageratum yellow vein virus (9/3) (CA)3-x6-(TG)3 AC1 4
Ageratum enation virus (20/1) AGA)3-x1-(A)6 AC1 19
Alternanthera yellow vein virus (4/4) Absent – –
Bean golden yellow mosaic virus (7/5) Absent – –
Chilli leaf curl virus (6/0) (CA)3-x6-(TG)3 AC1 5
Chino del tomate virus (5/0) (CTT)3-x5-(AG)3 AC1 4
(CG)3-x1-(T)6 CR 5
Cotton leaf curl Gezira virus (7/6) Absent – –
Cotton leaf curl Multan virus (16/1) (CG)3-x1-(T)n (n¼6–8) CR 15
(T)6-x8-(GT)3 or (AT)3-x-1-(T)7 AC1 12
Dicliptera yellow mottle virus (7/3) (TCG)3-x8-(CT)3-x6-(CT)3 AC2/AC3 2
East African cassava mosaic Cameroon virus (6/0) (TG)n-x6-(AT)y n¼3–4 and y¼5–6 AV1 6
East African cassava mosaic Kenya virus (14/0) (CA)3-x6-(TG)3 or (CA)3-x6-(TG)3-x5-(AG)3 AC1 13
(TG)3-x6-(AT)y (y¼5–6) AV1 5
East African cassava mosaic virus (52/27) (TG)3-x6-(AT)5 AV1 24
East African cassava mosaic Zanzibar virus (15/0) (TG)3-x6-(AT)5 AV1 15
Euphorbia yellow mosaic virus (11/0) Absent – –
Honeysuckle yellow vein mosaic virus (6/1) (CT)3-x-3-(TCT)3 or (CTT)3-x5-(AG)3 AC2 or AC1 4
Honeysuckle yellow vein virus (5/1) (G)7-x4-(G)6 or (CTT)3-x5-(AG)3 AC1 4
Mungbean yellow mosaic India virus (28/27) Absent – –
Mungbean yellow mosaic virus (10/10) Absent – –
Malvastrum yellow vein Yunnan virus (9/0) (T)6-x5-(C)7 CR 8
(CA)3-x6-(TG)3 AC1 9
Macroptilium yellow spot virus(14/0) (CG)3-x1-(T)6 CR 14
Papaya leaf curl China virus (10/0) (CA)3-x6-(TG)3 AC1 10
Pepper golden mosaic virus (10/10) Absent – –
Radish leaf curl virus (7/7) Absent – –
Squash leaf curl China virus(8/3) (CG)3-x1-(T)n (n¼6–8) CR 5
Sri Lankan cassava mosaic virus (9/1) (CA)3-x6-(TG)3 AC1 8
Stachytarpheta leaf curl virus (5/0) (CA)3-x6-(TG)3 AC1 5
Siegesbeckia yellow vein virus (6/0) (CA)3-x6-(TG)3 AC1 6
Sida micrantha mosaic virus (16/0) (CG)3-x5–6-(C)7–12 CR 14
Tobacco leaf curl Yunnan virus (5/0) (CTT)3-x4-(GA)3 AC1 5
(AT)3-x-1-(T)6 AC1 4
Tomato leaf curl Bangalore virus (7/4) (CT)3-x0-(AC)3 AC1 3
Tomato leaf curl New Delhi virus (20/6) (TA)3-x5-(CT)3 AC2/AC3 14
Tomato leaf curl Taiwan virus (10/0) (CA)3-x6-(TG)3 AC1 2
Tomato severe leaf curl virus (5/3) (TG)4-x7-(CA)3 CR 13
Tomato yellow leaf curl China virus (17/1) (CG)3-x1-(T)8-x8-(C)7 or (CG)3-x1-(T)n (n¼6–8) CR 8
Tomato yellow leaf curl Sardinia virus (8/0) (AGA)3-x1-(A)6 AC1 8
Tomato yellow leaf curl Thailand virus (8/4) (AT)3-x6-(CT)3 AC2/AC3 4
Tomato yellow leaf curl virus (43/1) (AT)3-x-1-(T)6 AV1 42
*a/b indicates number of strains per species used/number of strains lacking cSSR; c** denotes number of strains with consensus motif; Absent indicates absence of consensus
motif in the species.
Fig. 4. Frequency of common and abundant motifs among different geminivirus
species. A total of 181 species of begomoviruses, 11 species of mastreviruses and
7 species of curtoviruses were analyzed to identify common and abundant motifs.
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begomoviruses using Chi-square test. After performing recombination
analysis for all the begomovirus genomes taken in our study,
parameter ‘1’ was assigned for the presence of motif or recombination
and ‘0’ for the absence of motif or recombination. The P value for
correlation of motif and recombination for DNA A was detected to be
o104, suggesting a signiﬁcant correlation between the presence of
cSSR motifs and recombination events. The P-value for the correlation
between the presence of motif and recombination was o104 in
monopartite DNA-A like genome suggesting signiﬁcant correlation
while that in bipartite genome of DNA A was 0.51 suggesting non-
signiﬁcant correlation. Further, this correlation between cSSR motif
and recombination among 181 selected begomovirus species was
analyzed quantitatively by one way ANOVA and was found to be
highly signiﬁcant (P-value, o104). In addition, cSSR motifs as well as
recombination breakpoints identiﬁed in begomovirus species were
mapped onto the linearized genome (Fig. 6a–c). The result indicated
that majority of the cSSRs were located in the recombination hotspot
regions. In addition, we have also analyzed the physical proximity of
the cSSRs and the recombination breakpoints by calculating the
number of nucleotides between the end of each cSSR and the closest
recombination breakpoint in the sequences which possess both cSSR
and recombination events (Fig. 7). The results revealed that majority of
the analyzed species (49 out of 99 begomoviruses), cSSRs are located
within 400 nt from the recombination break points.
Based on the RDP analysis, AC1, AV1 and CR regions are considered to
be the recombination hotspots (Fig. 6c). Therefore, we have searched for a
consensus recombination event in each of this recombination hotspot
regions to assess relationship between the cSSR and RDP-identiﬁed
recombination events, if any (Table 2). Analysis of four recombination
events indicates a strong relationship between the presence of Z1 cSSR
in all of the recombinants associated with each recombination event.
However, the presence of a speciﬁc cSSR could not be established with
any particular recombination event (Tables 2 and S3).
Discussion
We have previously identiﬁed the distribution of microsatellite
(SSR) in geminiviral genomes (George et al., 2012). In the present
study, we further extended our efforts and analyzed the distribu-
tion pattern of compound microsatellites (cSSRs) in diverse gemi-
niviral genomes. cSSRs were over-represented in majority of
begomovirus genomes indicating that they might have some
functional signiﬁcance. Interestingly, cSSRs are prominently loca-
lized in speciﬁc coding regions (Rep) and in the intergenic region
of the genome. Insertions and deletion events (Indel) in cSSRs
within ORFs were not observed except in one case, where it was
located at AV1 gene and resulted in frame-shift.
The cSSR% varies between eukaryotes, prokaryotes and viruses.
Eukaryotes show higher frequency of cSSR (4–25%, Koﬂer et al.,
2008), which is very low in prokaryotes (1.75–2.85%, Chen et al.,
2011). However, in viruses like HIV-1, the frequency of occurrence
ranges between 0% and 24% (Chen et al., 2012). Frequency of cSSR in
geminiviruses was similar to the range found in HIV (0–25%, Table S3).
The reason behind similar frequency of cSSR in genomes of geminivirus
and HIV is obscure till date, except that both HIV and geminivirus utilize
host replication and recombination machinery. Since replication and
recombination are the two processes which regulate the generation and
decimation of microsatellite, similar frequency of cSSR in these two
eukaryotic viruses could be host-dependent. It will be interesting to
study whether viruses sharing the same mode of replication and repair
machinery do possess similar frequency of cSSR. All geminiviral species
possess similar genome organization, size and base composition; hence,
relative density and abundance of cSSR were similar between the
genomic components analyzed (Fig. 1).
Around 91.3% of the cSSRs in geminivirus were composed of only
two SSR motifs indicating that the individual microsatellites were
distributed far from each other and the structure is less complex as
compared to other prokaryotic and eukaryotic microsatellites.
Eukaryotes, prokaryotes and viruses show varying preferences for
microsatellite types and motifs (Chen et al., 2009; Gur-Arie et al.,
2000; Karaoglu et al., 2005). This may lead to a bias towards the
abundance of one or several motifs in the composition of cSSR. Non-
random distribution, identical length of two SSRs forming cSSR and
mutually complementary motifs observed in geminiviruses indi-
cated that these cSSRs might originate via recombination. Recom-
bination between homologous SSRs plays an essential role in the
generation of self-complementary cSSR (Jakupciak and Wells, 1999).
Geminiviruses possess only few cSSR (6.4%) of similar motifs,
whereas in eukaryotes this value is higher (90%, Table S3). Our
results are in agreement with those observed for HIV (Chen et al.,
2012). The rare occurrence of duplication events in viruses could
probably be due to high substitution rates in ssDNA viruses
compared to those found in RNA viruses (Duffy and Holmes,
2008, 2009; Nawaz-ul-Rehman et al., 2012). Note that majority of
strains or isolates of a particular begomovirus species share similar
type of motifs and location within the viral genome (Table 1).
DNA viruses being one of the simplest groups of pathogens serve
as ideal model system to examine the association of cSSR with
recombination events. Notably, position of recombination events has
Fig. 5. Correlation between cSSR motif and recombination in DNA A genomes of begomoviruses. Dataset 1 includes 181 DNA-A/DNA-A like genomes of begomoviruses,
whereas dataset 2 includes putative parental sequences of 181 begomoviral genomes mentioned in dataset 1.
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been mapped in the genome of many plant-infecting ssDNA viruses
(Monjane et al., 2011; Martin et al., 2011; Prasanna and Rai, 2007;
Padidam et al., 1999). The factors that could complicate an association
between the cSSR repeats and recombination are likely to be less in
geminiviruses as compared to eukaryotes such as yeast and human.
For example, the locations of genes and their expression levels are
well-characterized in geminiviruses, making it possible to establish
link between microsatellites, recombination and transcription.
Our analysis indicates that microsatellite motifs are non-
randomly distributed in geminivirus genomes. Approximately 83%
of the total cSSR motifs were located in AC1 and/or CR region (Fig. 6,
Table S3). A highly signiﬁcant association (P value, o104) was
found between the presence of cSSR motifs and recombination in
the selected 181 begomoviruses and their putative parental
sequences. Further, majority of cSSRs were found to be colocalized
with the recombination hotspots. The most obvious factor that
possibly contributes to such association is the property of hotspot
region in the formation and growth of microsatellite and the
regulation of hotspot locations by SSRs. Non-random distribution,
strong association of cSSR with recombination events and second-
ary structure of cSSR provide the evidences for the later mechanism.
A large body of evidence shows that a frequent polymerase pause of
replication complex occurs when it encounters structures such as
hairpins, G-quartets or triplex structures formed by repetitive
sequences. Polypurine and polypyrimidine tracts are also known
Fig. 6. Genome-wide distribution and location of cSSR motifs and recombination breakpoints in begomoviral genomes. (A) Genome map representing location and sequence of
cSSR motifs from 181 begomoviruses analyzed in the study. (B) Distribution of cSSR motifs in the begomoviral genomes. (C) Schematic representation of a linearized begomovirus
genome divided into approximately 14 equal segments which represent percentage of total recombination breakpoints analyzed in this study. The red and blue horizontal bars
indicate the approximate regions of prominent recombination hotspots and coldspots, respectively. Genomic features: AV2¼pre-coat protein; AV1¼coat protein gene;
AC1¼replication initiator protein; AC2¼transcriptional activator protein; AC3¼replication enhancer protein; AC4¼silencing suppressor protein; IR¼ intergenic region. Black solid
boxes represent cSSR locationwithin ORFs. Position of cSSR motifs located in AV1, AC3 corresponds to ATG of AV1, AC3 ORF, respectively. Position of cSSR motifs located in AC1 or AC1/
AC2 overlapping region corresponds to ATG of AC1. Position of cSSR motifs in AC2/AC3 overlapping region corresponds to ATG of AC2 ORF. Size of the boxes is to indicate the frequency
of occurrence of cSSR at the particular location in begomoviruses in a particular location. Downward pointing arrow represents the conserved cSSR motifs in that particular location.
Brown solid boxes indicate cSSR motifs positioned in intergenic (IR) region. Purple arrow represents start codon of ORFs.
Fig. 7. Frequency of viral genomes that share similar range of distance between the
end of cSSR and the nearest recombination break point.
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to be associated with recombination (Bagshaw et al., 2006). Density
of SSRs within genomes positively correlates with regional rates of
recombination in Drosophila (Schug et al., 1998), yeast (Bagshaw
et al., 2008) and Caenorhabditis elegans (Denver et al., 2004).
Moreover, the role of several repeat types has been experimentally
shown to be involved in regulating recombination (Murphy and
Stringer, 1986; Napierala et al., 2002, 2004).
We speculate that hairpin structures formed by interrupted
repeats in geminivirus genomes possibly act as a recombination
signals. These signals might lead to replication pause, double
strand breaks and regulation of recombination. Our results thus
provide possible link between microsatellites and recombination.
Strikingly, occurrence of cSSRs was not found in few of the
geminiviral genomes. However, we also observed that out of
27.6% species that lacks cSSR motif, 14.9% also lacks recombination
which suggesting a correlation between the two. The occurrence
of recombination in 12.7% of species without local microsatellite
does not rule out this possible link as regulation of recombination
hotspot is heterogeneous in nature (Nishant and Rao, 2006;
Kauppi et al., 2004; Petes, 2001).
The association between cSSR motif and recombination events
was more prominent in DNA-A like genome of monopartite
begomoviruses as compared to DNA A of bipartite begomoviruses
(Fig. 4). It may be possible that the recombination frequencies of
monopartite and bipartite viruses can be variable due to involve-
ment of several factors that regulate the recombination among viral
genomes. For example, both RNA and DNA virus infections are
known to induce homologous recombination in plants (Kovalchuk
et al., 2003; Richter et al., 2014). It has been suggested that host
recombination machinery might be subverted by geminiviruses to
promote viral recombination (Richter et al., 2014). Our analysis has
established signiﬁcant correlation between the presence of cSSRs
and recombination hotspots predominantly in monopartite bego-
moviruses. It is possible that the level of involvement of host
recombination machinery may inﬂuence in either replication or
recombination of monopartite and bipartite viruses. However, such
speculation needs experimental validation. Few cSSR motifs were
also noticed in the recombination coldspot region in the viral
genome. Notably, the cSSRs and the recombination events are
located within 400 nucleotides in majority of the begomovirus
genomes. Nonetheless, the association of the cSSR motifs (located at
a larger distance) with recombination event cannot be ruled out,
since the control of hotspot location is shown to be complex and
multi-levelled with the involvement of local and distal sequences,
transcription factor binding sites and alterations in chromatin
structure [reviewed in Nishant and Rao (2006), Kauppi et al.
(2004) and Petes (2001)].
The recombination breakpoints that are detectable in naturally
occurring ssDNA virus genomes are generally not distributed
randomly and occur in clusters within discrete recombination
hotspots or within recombination coldspots with lesser frequency
(Padidam et al., 1999; Lefeuvre et al., 2009). Mechanistic factors
that might inﬂuence site-to-site variations in basal recombination
rates across these genomes include the locations of replication origins,
degrees of sequence similarity between recombining genomes, geno-
mic ssDNA secondary structures, the orientations of genes in relation
to directions of rolling circle replication, differential degrees of dsDNA
exposure within histone packaged viral mini-chromosomes and
ecological as well as epidemiological factors [reviewed by Martin
et al. (2011)]. Our results strongly suggest that the pattern of
microsatellite distribution within geminiviruses is in accordance with
the recombination events. Therefore, we propose that compound
microsatellites motif type, length, polymorphism and secondary
structure might contribute to the recombination process.
Conclusion
It has been known for long that large number of recombination
events is detectable for majority of ssDNA viruses. Nevertheless, the
patterns of occurrence of recombination hotspots indicate that
interplay between selective and mechanistic processes would
determine the general distribution of recombination breakpoints.
The comparative analysis of location of microsatellite motif in many
geminiviral species emphasizes that in majority of the cases cSSR
motifs are located within the recombination hotspot. It may be
possible that microsatellites in viral genomes could serve as high
afﬁnity binding sites for host proteins which in turn might regulate
recombination activity, as has been shown in prokaryotes and
eukaryotes. Another possibility is that such repeat sequences might
promote crossovers by presenting the recombination apparatus
with a speciﬁc structure that could be a signal to initiate genetic
exchange nearby. Although the present study provides leads to the
Table 2
Association between the presence of cSSRs and consensus recombination events in
begmoviruses.
Accession no. Species Number of cSSR
Recombination breakpoints located within 1934 and 2562 nt
FJ515747 BYVMV 2
AJ223191 ChaYMV 1
AF139168 DiYMoV 1
AJ558121 EuLCV 1
AF490004 ToCMoV-BA 2
AM236755 MaYMV 2
GU112003 CLCuBV 2
DQ875872 SiYMYuV 2
AM050143 TbLCuCUV 1
AJ608286 ToLCSinV 1
Recombination breakpoints located within 2441 and 93 nt
HQ189431 HYVV-JR 1
AJ420319 SLCYNV 1
AJ314737 SLCMV-IN 1
AF490004 ToCMoV-BA 3
AF195782 ToLCLV 1
AJ865340 ToLCYTV 1
AJ875157 ToLCNDV 2
AF136222 ToLCPV-A 1
AF084006 ToLCV-Sol 1
X61153 TYLCSV-Sar 4
AY044138 TYLCV-Gez 1
Recombination breakpoints located within 32 and 564 nt
AJ851005 ALCuV 1
DQ875868 CoYSV 2
AM411424 EuLGxCV 4
AM404179 PepLCLV 1
AF414287 PepLCVMY 2
AB267838 PepLCIV-A 1
AF049336 SiGMV 1
AM238692 SbYVGxV 1
AM183224 SbYVV 1
HM754637 SPLCV-IT 1
AM701756 TbLCZV 1
AJ865339 ToLCMGV-And 1
EU862323 ToLCPKV 2
AF511529 TYLCKaV 2
Recombination breakpoints located within 351 and 1198 nt
EF165536 CraYVV 2
AF509739 LYMV-VN 1
AJ786711 MaYVYV 2
AJ627904 HgYMV 1
AJ512761 TbLCYnV 1
Z48182 ToLCBV-A 1
AJ558118 ToLCCNV-Bai 1
EU487048 ToLCtV 2
DQ127170 ToLCUV 1
AJ508784 ToSLCV-NI 1
AJ457985 TYLCCNV-Chu 2
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possible association between recombination and microsatellites,
further experimental evidence will be required to correlate func-
tional role of microsatellite as recombination signals in gemini-
viruses, as observed in yeast and human.
Materials and methods
Genome sequences of geminiviruses
Sequences from 200 genomes of distinct geminiviruses were
selected for analysis of cSSR including 181 DNA-A from distinct species
of the genus Begomovirus, 11 DNA-A like genome from the genus
Mastrevirus, seven and one DNA-A like genome from genera Curtovirus
and Topocuvirus, respectively. These sequences were downloaded in
FASTA format from the GenBank (http://www.ncbi.nlm.nih.gov) fol-
lowing Fauquet et al. (2008) and the sequences with the accession
numbers are provided in Table S1. We relied on the existing annota-
tion (‘CDS’ features) in differentiating protein-coding and non-coding
regions. For identiﬁcation of species speciﬁc consensus microsatellite
motifs and microsatellite polymorphism, various strains or isolates
within a particular species were considered (Table S2).
Identiﬁcation of microsatellites in the viral genomes
Imperfect Microsatellite Extractor (IMEx) was used to check the
presence of microsatellites in the geminiviral genomes (Mudunuri
and Nagarajaram, 2007). Earlier studies on prokaryotic and eukaryotic
genomes have focused on microsatellites with lengths of 12 bp (Toth
et al., 2000), but due to relatively smaller size of geminivirus genome,
cSSR search using these parameters could not yield any microsatellite.
Therefore, we detected SSRs and cSSRs using the ‘Advance-Mode’ of
IMEx using the parameters as described in Chen et al. (2012). Other
parameters were set as default. The cSSRs were not standardized in
order to observe their real composition and evolutionary dynamics.
The SSRs were considered as cSSR when the distance separating any
two SSRs is less than or equivalent to dMAX (dMAX is the maximum
distance between any two adjacent SSR i.e. if dMAX is 10 and two
SSRs are present between this distance, then number of cSSR is 1). In
order to check the impact of dMAX on identiﬁcation of cSSR, we
varied dMAX value from 10 to 50. The presence of cSSR in each
genome was further manually checked and corrected for errors. The
microsatellite driven structure was predicted by DNA folding form
available within the M fold web server (Zuker, 2003).
Estimation of expected number of microsatellites
In order to evaluate whether microsatellites were over- or
under-represented in begomovirus genomes, we compared the
observed number of microsatellites with the expected number of
microsatellites. The expected number of microsatellite composed
of Mt (M is motif of the microsatellite with repeat number of t, and
its length is L) in a genome of length G was calculated using the
formula as given by Dewachter (1981)
Exp Mtð Þ ¼ f Mð Þt ½1 f Mð Þ½G0 1 f Mð Þð Þþ2L ð1Þ
G0 ¼ GtL2Lþ1 ð2Þ
where Exp (Mt) is the expected number of Mt, and f(M) is the
probability of M.
Detection of recombination events
Detection of potential recombinant sequences and putative
breakpoint events was carried out using several recombination
detection methods like RDP, GENECONV, BOOTSCAN, MAXCHI,
CHIMAERA, SISCAN and 3SEQ implemented in RDP3 (Martin
et al., 2010). The analysis was performed with default setting with
a Bonferroni corrected P-value cut-off of 0.01. RDP dataset includes
the particular sequence, the sequence with which it shared highest
percent identity and few sequences to which it possess 75–90%
identity. The breakpoint positions and recombinant sequence
(s) inferred for every detected potential recombination event were
manually checked and adjusted, where necessary using RDP3.
Putative parents detected here are not necessarily being the actual
parents; however, they could be the most similar ones to the actual
parents in the analyzed dataset. The recombination events detected
by atleast three independent methods were only considered.
Statistical analysis
Four parameters i.e. the presence or absence of cSSR motif and the
presence or absence of recombination events were used to identify
co-relation between recombination and cSSR motif. Chi square test
was performed using GraphPad Prism version 5 and one way ANOVA
was performed using Analyse-it software version 3.76.5.
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